Chronic inflammation is an important factor contributing to the development of various metabolic diseases, for example, type 2 diabetes, fatty liver, and atherosclerosis ([@B1],[@B2]). Adipose tissue inflammation, a hallmark of obesity and type 2 diabetes, is closely associated with metabolic deregulation in liver and muscle and contributes to systemic inflammatory conditions ([@B3]). Adipose tissue produces various adipocytokines/chemokines, including tumor necrosis factor (TNF)-α, interleukin (IL)-6, and monocyte chemoattractant protein (MCP)-1, that induce inflammation. These inflammatory proteins cause insulin resistance by modulating insulin signaling and lipid metabolism ([@B1],[@B4]). Recent studies emphasize the role of immune cells (e.g., macrophages/T cells) in adipose tissue in the development of metabolic diseases ([@B5]). In addition, depletion of CD8^+^ T cells or CD4^+^Th1 cells ameliorates systemic insulin resistance by lowering macrophage infiltration and inflammatory cytokines in the adipose tissue ([@B6],[@B7]).

The inflammatory cascade is triggered by cross talk between T cells and macrophages, and interaction of cell surface receptors (e.g., antigen receptor and costimulatory receptors) with their counterpart ligands is involved in this cross talk ([@B8]). As a member of the TNF receptor superfamily (TNFRSF9) expressed on the cell surface, 4-1BB/CD137 provides a costimulatory signal through binding to its ligand 4-1BBL (CD137L/TNFRSF9). Although 4-1BB is expressed primarily on activated T cells and activated NK cells ([@B9]), 4-1BBL is expressed on a variety of antigen-presenting cells, including monocytes/macrophages, dendritic cells, activated B cells, and endothelial cells ([@B10],[@B11]), and 4-1BB/4-1BBL signaling, which occurs bidirectionally, regulates various inflammatory events, such as immune cell survival, proliferation, cytokine production, and cytotoxicity ([@B10],[@B12]). Moreover, modulation of 4-1BB/4-1BBL signaling has been shown to affect several inflammatory processes (e.g., asthma, colitis, rheumatoid arthritis, multiple sclerosis, type 1 diabetes, atherosclerosis, and cancer) in rodents ([@B13]--[@B15]) and is an attractive possibility for immune therapy of human cancers ([@B16],[@B17]). The involvement of 4-1BB/4-1BBL signaling in metabolic diseases has not been established. However, given the accumulation of T cells and macrophages in obese adipose tissue, 4-1BB/4-1BBL may well have a role in obesity-induced adipose tissue inflammation and obesity-related metabolic disorders.

In this study, we demonstrate that 4-1BB deficiency reduces high-fat diet (HFD)--induced body weight gain and lowers glucose intolerance and fatty liver by reducing inflammatory responses. Hence, 4-1BB and 4-1BBL may be useful targets for treating obesity-induced inflammation and metabolic disorders.

RESEARCH DESIGN AND METHODS {#s5}
===========================

Eight-week-old male 4-1BB--deficient mice on a C57BL/6 background, and their counterpart wild-type (WT) littermate controls, were bred and housed in a specific pathogen-free animal facility at the University of Ulsan. The 4-1BB--deficient mice on a C57BL/6 background were established in the University of Ulsan Immunomodulation Research Center ([@B18]). Homozygous 4-1BB--deficient mice (4-1BB^−/−^) were bred with C57BL/6 mice for at least nine generations to obtain the 4-1BB--deficient mice on a C57BL/6 background. Genotypes of offspring were determined by Southern blot analysis of DNA obtained from tails. The mice were fed an HFD (60% of calories from fat; Research Diets Inc., New Brunswick, NJ) or a regular diet (RD; 13% calories from soybean oil; Harlan Teklad, Madison, WI) for 9 weeks and given food and water without restriction. Body weights were measured every week. All animal experiments were approved by the animal ethics committee of the University of Ulsan and conformed to National Institutes of Health guidelines.

Glucose tolerance and insulin tolerance tests. {#s6}
----------------------------------------------

Glucose tolerance tests were performed after a 5-h fast. Blood glucose concentrations were measured with a commercially available enzymatic assay kit (Asan Pharmacology, Hwa-Seong, Korea) before and 15, 30, 60, 90, and 120 min after oral administration of a 20% glucose solution at a dose of 2 g/kg. Insulin tolerance tests were carried out in animals that were fasted for 5 h. After an intraperitoneal bolus injection (0.75 units/kg) of recombinant human regular insulin (Human Regular; Eli Lilly, Indianapolis, IN), blood glucose concentrations were measured before and 20, 40, 60, 80, and 100 min after insulin injection.

Analysis of metabolic parameters. {#s7}
---------------------------------

Mice were killed after a 4-h fast, and blood was collected by heart puncture. Plasma total cholesterol and triglyceride (TG) concentrations were determined using commercially available enzymatic assay kits (Asan Pharmacology). Plasma insulin levels were measured with an ultrasensitive mouse insulin ELISA kit (Mercodia, Uppsala, Sweden). Plasma high molecular weight (HMW) adiponectin levels were measured with an adiponectin HMW ELISA kit (ALPCO Immunoassays, Salem, NH). Hepatic TG content was assayed by saponification in ethanolic KOH, and glycerol content was measured with an FG0100 kit (Sigma-Aldrich, Saint Louis, MO) after neutralization with MgCl~2~ ([@B19]). All tissue TG values were converted to glycerol content and corrected for liver weight.

Histochemistry. {#s8}
---------------

Adipose and liver tissues were fixed overnight at room temperature in 10% formaldehyde and embedded in paraffin. Tissues were sectioned (8-μm thick), stained with hematoxylin-eosin, and mounted on glass slides. Stained sections were viewed with an Axio-Star Plus microscope (Carl Zeiss, Gottingen, Germany). Adipocyte dimensions were measured using Axiovision AC software (Carl Zeiss) from images of hematoxylin-eosin stained cells.

Isolation of adipose tissue stromal vascular fraction leukocytes. {#s9}
-----------------------------------------------------------------

To isolate adipose tissue--derived stromal vascular fractions (SVFs), fat pads from epididymal, renal, and mesenteric areas were minced and digested for 30 min at 37°C with type 2 collagenase (1 mg/mL; Sigma-Aldrich) in Dulbecco's modified Eagle's medium, pH 7.4. The suspensions were then passed through sterile 100-μm nylon meshes (SPL Lifesciences, Pocheon, Korea) and centrifuged at 500*g* for 10 min. They were resuspended in erythrocyte lysis buffer, incubated at room temperature for 3 min, and centrifuged at 500*g* for 5 min. Leukocytes were isolated from the SVFs on 40--70% Percoll gradients (GH Healthcare, Uppsala, Sweden). The tubes were centrifuged at 600*g* at room temperature for 30 min, and the leukocyte layers formed between the 40 and 70% layers of Percoll were retained.

Fluorescence-activated cell sorter analysis. {#s10}
--------------------------------------------

Cells (5 × 10^5^) isolated from adipose tissue were incubated with Fc-γ receptor--blocking antibodies (2.4G2) for 10 min on ice and double stained with phycoerythrin-conjugated anti-CD4, anti-CD8, or anti-CD11b antibody and fluorescein isothiocyanate--conjugated anti-CD4, anti-CD8, anti-CD44, anti-CD62L, or anti-F4/80 antibody. The cells were then washed with fluorescence-activated cell sorter (FACS) buffer and analyzed on a FACSCalibur (BD Biosciences, San Jose, CA) with CellQuest software (BD Biosciences).

Western blot analysis. {#s11}
----------------------

Mice were fasted for 5 h, injected intraperitoneally with human insulin (10 mU/g body wt), and killed 4 min later. Skeletal muscle, liver, and adipose tissues were dissected and immediately frozen in liquid nitrogen. Next, samples of 20--50 μg total protein were subjected to Western blot analysis using polyclonal antibodies to phosphorylated Akt (Akt-pSer^473^) and total Akt (Cell Signaling, Beverly, MA). Phosphorylation by AMP-activated protein kinase (AMPK) in the liver was detected using polyclonal antibodies to phosphorylated AMPK (AMPK-pThr^172^) and total AMPK (Cell Signaling). Liver peroxisome proliferator--activated receptor (PPAR)-α was detected using mouse anti--PPAR-α antibody (Santa Cruz Biotechnology, Santa Cruz, CA).

Quantitative real-time PCR. {#s12}
---------------------------

Tissues were collected and stored at −20°C in RNAlater (Ambion, Austin, TX). Total RNA was extracted from tissues using TRIzol (Invitrogen, Carlsbad, CA), and cDNA was synthesized using M-MLV reverse transcriptase (Promega, Madison, WI). Real-time PCR amplification of the cDNA was performed in duplicate with a SYBR premix Ex Taq kit (TaKaRa Bio Inc., Forster, CA) using a Thermal Cycler Dice (TaKaRa Bio Inc., Shiga, Japan). All reactions were performed in the same manner: 95°C for 10s, 45 cycles of 95°C for 5s and 60°C for 30s. Details are listed in [Supplementary Data](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db10-1805/-/DC1) online.

Measurement of cytokines. {#s13}
-------------------------

Adipose tissue samples (0.5 g) and liver samples (0.1 g) were homogenized with 1 mL 100 mmol/L Tris-HCl and 250 mmol/L sucrose buffer, pH 7.4, supplemented with protease inhibitors. Lipids were removed by centrifugation at 10,000*g*. The levels of TNF-α, MCP-1, IL-6, and adiponectin protein in the homogenates were measured with an OptEIA mouse TNF-α, MCP-1 set (BD Biosciences) and an IL-6 and adiponectin ELISA kit (R&D Systems, Minneapolis, MN). Amounts of cytokine were normalized for protein content, and the protein content of homogenates was determined with a BCA protein assay kit (Pierce, Rockford, IL).

Nuclear factor-κB activity. {#s14}
---------------------------

Nuclear factor-κB (NF-κB) DNA binding activity was assessed with a TransAM kit (Active Motif, Rixensart, Belgium). Samples of tissue homogenate normalized for protein content were incubated with immobilized oligonucleotides containing an NF-κB consensus binding site. DNA binding activity was analyzed with antibodies specific for the NF-κB subunits according to the manufacturer's instructions (Active Motif).

Indirect calorimetry. {#s15}
---------------------

Energy expenditure was measured using an indirect calorimeter (Oxylet; Panlab, Cornella, Spain). The mice were acclimated in individual metabolic chambers, in which they had free access to food and water, and the O~2~ and CO~2~ analyzers were calibrated with highly purified gas. Oxygen consumption and carbon dioxide production were recorded at 3-min intervals using a computer-assisted data acquisition program (Chart 5.2; AD Instrument, Sydney, Australia) over a 24-h period, and the data were averaged for each mouse. Energy expenditure (EE) was calculated according to the following formula:

Body temperature and locomotor activity. {#s16}
----------------------------------------

Body temperature and locomotor activity were measured in WT and 4-1BB knockout (KO) mice using biotelemetry transmitters (Mini-Mitter, Bend, OR) implanted into the abdominal cavity 1 week before the experiment. Before surgery, mice were anesthetized with tribromoethanol (250 mg/kg body wt; Sigma-Aldrich). The output frequency in hertz was monitored by a receiver (model RA 1000; Mini-Mitter) placed under each cage. A data acquisition system (Vital View; Mini-Mitter) was used for automatic control of data collection and analysis. Body temperature was recorded at 10-min intervals and was summed after 24 h. Changes in locomotor activity were detected as changes in the position of the implanted transmitter over the receiver board, which resulted in changes of signal strength that were recorded as pulses of activity. These were counted every 10 min and were summed after 24 h.

Statistical analysis. {#s17}
---------------------

Results are presented as means ± SEM. Statistical analyses were performed by Student *t* test or by ANOVA with Duncan multiple-range test. Differences were considered to be significant at *P* \< 0.05.

RESULTS {#s18}
=======

HFD increases *4-1BB* and *4-1BBL* expression. {#s19}
----------------------------------------------

To test whether expression of 4-1BB and/or its ligand 4-1BBL is altered by HFD-induced obesity, we measured levels of *4-1BB/4-1BBL* mRNAs in the adipose tissue and liver of mice fed an HFD or RD for 9 weeks. The levels of *4-1BB/4-1BBL* mRNAs in adipose tissue and liver were significantly higher in the HFD-fed mice than in the RD-fed mice ([Fig. 1](#F1){ref-type="fig"}). In a similar manner, the plasma levels of soluble 4-1BBL in the HFD-fed mice were higher than in the RD-fed mice ([Supplementary Fig. 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db10-1805/-/DC1)).

![HFD upregulates *4-1BB* and *4-1BBL* gene expression in adipose tissue and liver. C57BL/6 mice were fed an HFD or RD for 9 weeks. Levels of the mRNAs of *4-1BB* and *4-1BBL* in the epididymal adipose tissue (*upper*) and liver (*lower*) of mice fed an RD or HFD. Levels of mRNA were estimated by quantitative PCR. Results are means ± SEM (*n* = 4 mice per group). \**P* \< 0.05, \*\**P* \< 0.01 compared with RD. WAT, white adipose tissue.](3159fig1){#F1}

HFD-induced body weight gain and adiposity are reduced in 4-1BB--deficient mice. {#s20}
--------------------------------------------------------------------------------

As expected, no *4-1BB* mRNA was detected in the adipose tissue, liver, and muscle of 4-1BB--deficient mice ([Fig. 2*A*](#F2){ref-type="fig"}). The 4-1BB--deficient mice and WT controls were fed an RD or HFD for 9 weeks ([Fig. 2*B*](#F2){ref-type="fig"}). The body weights of the 4-1BB--deficient mice given an HFD increased significantly less than that of the WT control mice, whereas there was no significant difference in body weight gain between WT control and 4-1BB--deficient mice fed an RD ([Fig. 2*B*](#F2){ref-type="fig"}). Since total energy intake did not differ in the two HFD-fed groups ([Fig. 2*C*](#F2){ref-type="fig"}), this suggests that HFD-fed 4-1BB--deficient mice dissipate more energy than HFD-fed WT mice.

![Body weight change and adiposity in HFD-fed 4-1BB--deficient mice. WT and 4-1BB--deficient mice were fed an HFD for 9 weeks. *A*: Expression of *4-1BB* mRNA in epididymal adipose tissue, liver, and skeletal muscle. Body weight changes and gross morphology of mice (*B*), energy intake (*C*), and adipose tissue weight (Ep, epididymal; Re, retroperitoneal; Me, mesenteric; and Sc, subcutaneous) of WT (*n* = 8) and 4-1BB--deficient mice (*n* = 8) fed an RD or HFD, and gross morphology of adipose tissues (*D*). Results are means ± SEM. \**P* \< 0.05, \*\**P* \< 0.01, \#*P* \< 0.005 compared with WT mice fed an HFD. *E*: Histological analysis of epididymal adipose tissue and size distribution of adipocytes from WT and 4-1BB--deficient mice fed an HFD. Sections were stained with hematoxylin-eosin. Hypertrophied adipocytes are indicated by asterisks. Original magnification is ×200 (scale bar = 50 μm). The sizes of adipocytes in randomly chosen fields were measured with a microscope (magnification ×200) and calculated using Axiovision AC software. \#*P* \< 0.005 compared with WT mice fed an HFD. WAT, white adipose tissue. (A high-quality color representation of this figure is available in the online issue.)](3159fig2){#F2}

While there was no difference in adiposity between the 4-1BB--deficient and WT mice fed an RD ([Fig. 2*B*--*D*](#F2){ref-type="fig"}), the weights of the epididymal, renal, mesenteric, and subcutaneous fat pads in the HFD-fed 4-1BB--deficient mice were all significantly lower than those in the HFD-fed WT mice ([Fig. 2*D*](#F2){ref-type="fig"}). The average area of adipocytes in the HFD-fed 4-1BB--deficient mice (3,690 ± 458 μm^2^) was lower than that in the HFD-fed WT controls (5,826 ± 339 μm^2^) ([Fig. 2*E*](#F2){ref-type="fig"}), while adipocyte numbers did not differ between the two groups. There also was no difference between the two groups in the weights of other organs (liver, pancreas, muscle, and spleen) (data not shown).

Increased energy expenditure, locomotor activity, and hyperthermia in 4-1BB--deficient mice. {#s21}
--------------------------------------------------------------------------------------------

To see whether the reduced body weight gain and adiposity observed in the 4-1BB--deficient mice fed an HFD was due to increased energy expenditure, we measured body temperature, locomotor activity, and energy expenditure. Body temperature and locomotor activity measured by the frequency of voluntary movements were higher in the HFD-fed 4-1BB--deficient mice than in the HFD-fed WT mice, as was energy expenditure during the dark phases ([Fig. 3*A*--*C*](#F3){ref-type="fig"}). These differences were accompanied by upregulation of UCP-1 protein expression in brown adipose tissue (BAT) ([Fig. 3*D*](#F3){ref-type="fig"}) and by smaller lipid droplets in the BAT of the HFD-fed 4-1BB--deficient mice ([Fig. 3*E*](#F3){ref-type="fig"}). No significant differences were found between the two groups in plasma T3 and free T4 concentrations (data not shown). These findings suggest that 4-1BB deficiency increases energy expenditure.

![Energy expenditure, locomotor activity, and body temperature in 4-1BB--deficient mice. *A*: Energy expenditure (EE) was measured in WT (*n* = 4) and 4-1BB--deficient mice (*n* = 4) fed an HFD. Locomotor activity (*B*) and body temperature (*C*) were measured in WT (*n* = 10--11) and 4-1BB--deficient mice (*n* = 7) fed an RD or HFD. Results are means ± SEM. \**P* \< 0.05, \#\#*P* \< 0.001 compared with WT mice fed an HFD. *D*: Levels of UCP-1 protein in BAT. Levels of protein were determined by Western blotting. The intensities of UCP-1 protein were normalized to those of β-actin and are expressed as means ± SEM of 4 mice per group. \**P* \< 0.05 compared with WT mice fed an HFD. *E*: Histological analysis of BAT from WT and 4-1BB--deficient mice fed an HFD (hematoxylin-eosin). Original magnification is ×200 (scale bar = 50 μm). (A high-quality color representation of this figure is available in the online issue.)](3159fig3){#F3}

Inflammatory cell infiltration and cytokine levels are lower in the adipose tissue of 4-1BB--deficient mice. {#s22}
------------------------------------------------------------------------------------------------------------

To see whether 4-1BB deficiency affects obesity-induced adipose tissue inflammatory responses, we compared the infiltration of T cells and macrophages and cytokine levels in adipose tissue. Histochemical analysis showed that infiltration of cells into adipose tissue was lower in the HFD-fed 4-1BB--deficient mice than in the HFD-fed controls ([Fig. 4*A*](#F4){ref-type="fig"}). Immunohistochemical analysis revealed that CD3^+^ cells and crown-like structures representing aggregated F4/80^+^ macrophages were less frequent in the adipose tissue of the HFD-fed 4-1BB--deficient mice than in that of the HFD-fed WT mice ([Supplementary Fig. 2*A* and *B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db10-1805/-/DC1)). FACS analysis revealed that total numbers of T cells (CD4^+^ or CD8^+^), macrophages (CD11b^+^F4/80^+^), and activated T cells (CD44^+^/CD62L^−^) ([Fig. 4*C*](#F4){ref-type="fig"}) were lower in the HFD-fed 4-1BB--deficient mice than in the HFD-fed controls. The percentage of T cell (CD4^+^, CD4^+^/CD44^+^/CD62L^−^) population, which is crucial for the infiltration and activation of macrophages, significantly decreased in the HFD-fed 4-1BB--deficient mice ([Fig. 4*B*](#F4){ref-type="fig"}).

![Adipose tissue macrophages and T cells in HFD-fed 4-1BB--deficient mice. *A*: Histological analysis of epididymal adipose tissue from WT and 4-1BB--deficient mice fed an HFD. Sections were stained with hematoxylin-eosin (H&E) in epididymal adipose tissue from WT and 4-1BB--deficient mice fed an HFD. Stained cells are indicated by arrows. Original magnifications are ×200 (*upper*) and ×400 (*lower*) (scale bar = 50 μm). FACS quantification of immune cell population and numbers in visceral adipose SVF from WT and 4-1BB--deficient mice fed an HFD. SVFs were double stained with fluorescein isothiocyanate--conjugated phycoerythrin-conjugated anti-CD4 (helper T cell)/anti-CD8 (cytotoxic T cell), anti-F4/80/CD11b (macrophage), anti-CD4 (or CD8)/CD44^high^ (activated T cell), and anti-CD4 (or CD8)/CD62L^low^ (activated T cell). *B*: The values in the panels indicate the percentages of each cell population. *C*: The total immune cell numbers in adipose tissue. Results are mean ± SEM. \**P* \< 0.05, \*\**P* \< 0.01 compared with WT mice fed an HFD. (A high-quality color representation of this figure is available in the online issue.)](3159fig4){#F4}

Reduced inflammatory cytokine levels in the 4-1BB--deficient mice. {#s23}
------------------------------------------------------------------

The 4-1BB--deficient mice given an HFD contained lower levels of inflammatory adipocytokine/chemokine proteins (TNF-α, IL-6, and MCP-1) in their adipose tissue than the HFD-fed WT obese mice ([Fig. 5*A*](#F5){ref-type="fig"}), whereas there was no difference between these mice on an RD (data not shown). The levels of adiponectin in the epididymal adipose tissue were higher in the HFD-fed 4-1BB--deficient mice, although no difference was found in circulating plasma HMW/total adiponectin levels between HFD-fed 4-1BB--deficient mice and HFD-fed WT obese mice ([Fig. 5*B*](#F5){ref-type="fig"}). Since the expression of the inflammatory genes for TNF-α and MCP-1 is regulated by the transcription factor NF-κB ([@B20]--[@B22]), we examined whether the 4-1BB signal affects the NF-κB pathway. As shown in [Fig. 5*C*](#F5){ref-type="fig"}, DNA binding activity due to NF-κB subunit p65 in protein extracts of adipose nuclei was significantly lower in the HFD-fed 4-1BB--deficient mice.

![Adipose tissue inflammatory responses in HFD-fed 4-1BB--deficient mice. Concentrations of inflammatory proteins (TNF-α, IL-6, and MCP-1) (*A*) and an anti-inflammatory protein (adiponectin) (*B*) in adipose tissue from WT (*n* = 8) and 4-1BB--deficient mice (*n* = 8) fed an HFD. Adipose tissue (0.5 g) was homogenized with 1 mL of 100 mmol/L Tris-HCl and 250 mmol/L sucrose buffer (pH 7.4) supplemented with protease inhibitors. Lipids were removed by centrifugation at 10,000*g* for 10 min. Levels of cytokines/adipokines in homogenates were measured by enzyme-linked immunosorbent assay and normalized for protein content. Levels of HMW adiponectin were assessed in plasma samples from WT (*n* = 8) and 4-1BB--deficient mice (*n* = 8). Results are mean ± SEM. \**P* \< 0.05, \#*P* \< 0.005 compared with WT mice fed an HFD. *C*: NF-κB activation in adipose tissue was determined using the p65 TransAM assay as described in [[research design and methods]{.smallcaps}](#s5){ref-type="sec"}. Results are mean ± SEM (*n* = 6 mice per group). \#\#*P* \< 0.001 compared with WT mice fed an HFD.](3159fig5){#F5}

Greater glucose tolerance/insulin sensitivity and insulin signaling in the 4-1BB--deficient mice. {#s24}
-------------------------------------------------------------------------------------------------

The fasting plasma glucose and insulin levels of the HFD-fed 4-1BB--deficient mice were significantly lower than those of the HFD-fed WT mice ([Fig. 6*A*](#F6){ref-type="fig"}), whereas there was no difference on an RD (data not shown). Plasma TGs and total cholesterol levels were significantly lower ([Fig. 6*B*](#F6){ref-type="fig"}). Oral glucose tolerance and insulin tolerance tests revealed that the HFD-fed 4-1BB--deficient mice were more glucose tolerant and more insulin sensitive than the HFD-fed WT mice ([Fig. 6*C* and *D*](#F6){ref-type="fig"}). Insulin-stimulated glucose uptake was significantly higher in the isolated adipose tissue of HFD-fed 4-1BB--deficient mice than in that of the HFD-fed WT mice ([Supplementary Fig. 3*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db10-1805/-/DC1)), and this was associated with increased levels of insulin receptor substrate 1 (*IRS1*) and *GLUT4* mRNAs ([Supplementary Fig. 3*B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db10-1805/-/DC1)). Akt phosphorylation was also significantly higher in the muscle, adipose tissue, and the liver of the 4-1BB--deficient obese mice ([Fig. 6*E*](#F6){ref-type="fig"}), suggesting that insulin signaling is more efficient.

![Deficiency of 4-1BB ameliorates insulin resistance and improves insulin signaling in mice fed an HFD. *A*: Fasting glucose and insulin levels. *B*: Plasma TG and total cholesterol levels in WT and 4-1BB--deficient mice fed an RD or HFD. Results are means ± SEM (*n* = 5--6 mice per group). \**P* \< 0.05, \*\**P* \< 0.01 compared with WT mice fed an HFD. *C*: Glucose tolerance tests. Mice fed an HFD for 7 weeks were fasted for 5 h before receiving an oral administration of 20% glucose solution at a dose of 2 g/kg, and blood samples were taken at the indicated times (*n* = 5). *D*: Insulin tolerance tests. Mice fed an HFD for 7 weeks were fasted for 5 h before receiving an intraperitoneal injection of 0.75 units/kg insulin, and blood samples were taken at the indicated times (*n* = 5). Results are means ± SEM. \**P* \< 0.05, \*\**P* \< 0.01, \#*P* \< 0.005 compared with WT mice fed an HFD. *E*: Western blots of phosphorylated Akt (p-Akt) and total Akt in adipose tissue, liver, and skeletal muscle from WT (*n* = 4) and 4-1BB--deficient mice (*n* = 4) fed an HFD. Mice were fasted for 5 h before receiving a 10 mU/g i.p. insulin injection and killed 4 min later, and tissues were collected for Western blotting. WAT, white adipose tissue. (A high-quality color representation of this figure is available in the online issue.)](3159fig6){#F6}

Fat accumulation, metabolic responses, and liver inflammation. {#s25}
--------------------------------------------------------------

We next examined whether 4-1BB deficiency influenced HFD-induced fatty liver. Liver tissue collected after 9 weeks of HFD revealed that the livers of the 4-1BB--deficient mice were darker than those of the WT mice, and histological analysis revealed less fat accumulation in the former ([Fig. 7*A*](#F7){ref-type="fig"}). Hepatic TGs were also twofold lower in the HFD-fed 4-1BB--deficient mice ([Fig. 7*B*](#F7){ref-type="fig"}). Since this could be attributable to either reduced TG synthesis or increased hepatic fatty acid oxidation, we examined the expression of lipogenic genes (e.g., *SREBP-1c*, *ACC1*, and *FAS*) and found that it was significantly lower in the livers of the HFD-fed 4-1BB--deficient mice ([Fig. 7*C*](#F7){ref-type="fig"}). Western blots showed that phosphorylated AMPK and PPAR-α were elevated, and acetyl-CoA carboxylase was lower in the livers of the HFD-fed 4-1BB--deficient mice ([Fig. 7*D*](#F7){ref-type="fig"}), suggesting increased fatty acid oxidation in these mice. In addition, levels of inflammatory cytokines (i.e., TNF-α and IL-6) were reduced in the livers of the HFD-fed 4-1BB--deficient mice ([Fig. 7*E*](#F7){ref-type="fig"}), and the MCP-1 level tended to decrease ([Fig. 7*E*](#F7){ref-type="fig"}).

![Deficiency of 4-1BB ameliorates hepatic steatosis. *A*: Gross morphology and histological analysis (hematoxylin-eosin) of livers from WT and 4-1BB--deficient mice fed an HFD. Original magnification is ×200 (scale bar = 50 μm). *B*: Levels of TG content of livers from WT (*n* = 4) and 4-1BB--deficient mice (*n* = 4) fed an HFD. Results are means ± SEM. \#\#*P* \< 0.001 compared with WT mice fed an HFD. *C*: Expression of lipogenic genes (*SREBP-1*, *ACC1*, and *FAS*) in livers from WT (*n* = 4) and 4-1BB--deficient mice (*n* = 4) fed an HFD. Levels of mRNA were estimated by quantitative PCR. Results are means ± SEM. \**P* \< 0.05 compared with WT mice fed an HFD. *D*: Western blots of phosphorylated AMPK (p-AMPK), acetyl-CoA carboxylase (ACC), and PPAR-α in livers from WT and 4-1BB--deficient mice fed an HFD. The intensity of the bands was quantified by densitometry and is expressed as means ± SEM (*n* = 4 mice per group). \*\**P* \< 0.05 compared with WT mice fed an HFD. *E*: Levels of inflammatory proteins (TNF-α, IL-6, and MCP-1) in livers from WT (*n* = 8) and 4-1BB--deficient mice (*n* = 8) fed an HFD. Levels of cytokines/chemokines in liver were measured by enzyme-linked immunosorbent assay. Results are means ± SEM. \**P* \< 0.05, \*\**P* \< 0.01 compared with WT mice fed an HFD. (A high-quality color representation of this figure is available in the online issue.)](3159fig7){#F7}

DISCUSSION {#s26}
==========

In this study, we show that 4-1BB deficiency reduces HFD-induced weight gain, glucose intolerance, fatty liver disease, and lowered adipose tissue inflammatory responses. In control mice, HFD markedly increased *4-1BB* and/or *4-1BBL* gene expression in adipose tissues and liver as well as plasma soluble 4-1BBL levels, suggesting possible participation of these molecules in adipose and whole body inflammatory responses.

Using 4-1BB--deficient mice fed an HFD, we found that the infiltration of macrophages and T cells (CD4^+^, CD8^+^, and activated T cells) into adipose tissue was markedly decreased in the HFD-fed 4-1BB--deficient mice. Adipose T-cell infiltration has been shown to precede macrophage infiltration ([@B23]), and activated T cells are considered to regulate adipose tissue inflammation by modulating macrophage infiltration and altering their inflammatory phenotype ([@B23],[@B24]). Accordingly, the decreased adipose T-cell infiltration/activation in the 4-1BB--deficient obese mice may limit the accumulation of macrophages, and inflammatory responses, in the adipose tissue. A previous study shows that the failure to develop herpetic stromal keratitis in 4-1BB--deficient mice is associated with reduced T-cell migration into the corneal stroma ([@B25]). It was also recently reported that 4-1BB is expressed on blood vessel walls at sites of inflammation and enhances monocyte migration ([@B26]). Taken together, these findings suggest that limiting T-cell/macrophage infiltration into inflamed adipose tissue in obesity by blocking 4-1BB signaling could be a useful therapeutic strategy against obesity-related inflammation.

Persistent cell/cell cross-talk between immune cells (antigen-presenting cells and T cells) and nonimmune cells through cell surface molecules stimulates inflammatory cytokine release and leads to chronic inflammation ([@B11],[@B27],[@B28]). For example, 4-1BB is functionally expressed on endothelial cells, and the interaction between endothelial cell 4-1BB and monocyte 4-1BBL promotes vascular inflammation by inducing monocyte migration and cytokine production ([@B11],[@B27]). In this context, it may be proposed that 4-1BB/4-1BBL participates in adipose tissue inflammatory responses by promoting interaction between adipose cells and infiltrated T cells/macrophages and that disruption of 4-1BB may reduce these responses. Indeed, HFD-fed 4-1BB--deficient mice had lower levels of inflammatory adipocytokines/chemokines (e.g., TNF-α, IL-6, and MCP-1) and increased levels of the anti-inflammatory adipocytokine adiponectin than HFD-fed WT controls.

It is noteworthy that expression of both 4-1BB and 4-1BBL in adipose tissue and liver increased in mice fed an HFD. *MCP-1* expression was significantly decreased in the macrophages, adipocytes, and/or hepatocytes of the HFD-fed 4-1BB--deficient mice ([Supplementary Fig. 4](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db10-1805/-/DC1)), suggesting that this decrease may reduce macrophage infiltration. Of interest, in addition to the 4-1BB--mediated inflammatory signals, reverse signaling through 4-1BBL in monocytes/macrophages promotes the secretion of proinflammatory cytokines ([@B29],[@B30]). Since bidirectional signaling occurs ([@B26],[@B31]) and *4-1BBL* is expressed on hepatic macrophage Kupffer cells ([Supplementary Fig. 5](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db10-1805/-/DC1)), the absence of the 4-1BB/4-1BBL interaction in 4-1BB--deficient mice may prevent macrophages or T cells from being activated in the liver and/or adipose tissue. Bone marrow transplantation experiments would be desirable to clarify the mechanisms by which the 4-1BB--deficient mice are protected from HFD-induced inflammation and metabolic disorders.

The 4-1BB signaling pathway is associated with activation of NF-κB signaling ([@B32]), whereas reverse signaling by 4-1BBL is mediated by protein tyrosine kinases (e.g., p38 mitogen-activated protein kinase; extracellular signal--regulated kinases 1, 2; mitogen-activated protein/extracellular signal--regulated kinase; and phosphoinositide-3-kinase) ([@B30]). In the current study, we found that NF-κB activation was markedly decreased in the adipose tissue of the HFD-fed 4-1BB--deficient mice. This suggests that 4-1BB--mediated inflammatory signaling, presumably involved in the cross talk between T cells and macrophages, or between immune cells and nonimmune cells such as adipocytes or hepatocytes, may be blunted in 4-1BB--deficient adipose tissue and/or liver, with a resulting reduction in inflammatory responses.

Obesity-induced inflammation is closely associated with the development of insulin resistance and type 2 diabetes. Inflammatory cytokines can cause insulin resistance by modulating insulin signaling and lipid metabolism ([@B1],[@B4]). Moreover, depletion of CD8^+^ T cells or CD4^+^Th1 cells ameliorates systemic insulin resistance by reducing macrophage infiltration and inflammatory cytokine levels in adipose tissue ([@B6],[@B7]). Thus, the improved glucose tolerance in the HFD-fed 4-1BB--deficient mice could be the result of lower numbers of CD4^+^ and CD8^+^ T cells and macrophages in the adipose tissue, leading to reduced inflammatory cytokine levels. In our study, adiponectin expression was increased in the adipose tissue of the HFD-fed 4-1BB--deficient mice, and this also may have contributed to the sensitization of insulin responsiveness in the mice ([@B33],[@B34]).

Recent studies show that accumulation of TG in the liver and skeletal muscle results in insulin resistance by inhibiting the insulin receptor signaling cascades ([@B35],[@B36]). In the HFD-fed 4-1BB--deficient mice, TG accumulation in liver and skeletal muscle was significantly reduced (data not shown). This may be due to decreased lipid synthesis and/or increased lipid oxidation, leading to reduced hepatic steatosis and plasma TG levels. Reduced levels of expression of lipogenic genes (*SREBP-1c*, *ACC1*, and *FAS*) and increased expression of PPAR-α and AMPK phosphorylation in the liver ([@B37],[@B38]) suggest that 4-1BB has a regulatory role in lipid metabolism that merits further exploration.

Another intriguing aspect of our results is the finding that 4-1BB deficiency results in reduced body weight gain and adiposity in obese mice fed an HFD. Despite the reduction of adiposity, no difference was observed between the dietary intake of the HFD-fed 4-1BB--deficient mice and HFD-fed controls. Moreover, the reduced physical activity and body temperature observed in HFD-fed mice were restored to normal in the 4-1BB--deficient mice, indicating that 4-1BB is somehow involved in the reduced physical activity and body temperature of HFD mice. Given that the inflammatory cytokine TNF-α inhibits UCP-1 expression in BAT ([@B39]), the increased UCP-1 protein level in the BAT of HFD-fed 4-1BB--deficient mice suggests that the reduced severity of inflammation in HFD-fed 4-1BB--deficient mice may be linked to the restoration of body temperature. Alternatively, since 4-1BB is expressed in brain cells, including neurons, astrocytes, and microglial cells ([@B40],[@B41]) it is possible that the thermogenic response observed in HFD-fed 4-1BB--deficient mice is, at least in part, mediated via the central nervous system.

It should be noted that disruption of several inflammatory receptors (e.g., TNFR1, Toll-like receptors, and IL-1R) enhances thermogenesis and fat oxidation and improves insulin resistance in mice fed an HFD ([@B42]--[@B44]). The disruption of various inflammatory signaling molecules (e.g., inhibitor of κB kinase, Jun NH~2~-terminal kinase, and NF-κB) also affects adiposity and lipid/glucose metabolism ([@B45]--[@B47]). Given that inflammatory signaling molecules are associated with 4-1BB/4-1BBL signaling, it is tempting to speculate that 4-1BB/4-1BBL--mediated signals may share or interact with metabolic signals required for inflammatory cellular responses. The absence of 4-1BB/4-1BBL signaling presumably enhances catabolic/thermogenic pathways, which contributes to protection from obesity. The mechanism by which 4-1BB/4-1BBL elicit their effects on metabolic signaling remain to be defined.

A number of studies show that targeting the interaction between 4-1BB/4-1BBL suppresses mouse models of inflammatory diseases (e.g., rheumatoid arthritis, atherosclerosis, and experimental autoimmune myocarditis) ([@B14],[@B15],[@B27]). In addition, 4-1BB is considered an attractive target for immunotherapy of many immune/inflammatory diseases in humans. These results suggest that blocking 4-1BB/4-1BBL as a form of immunobiological therapy may be effective in reducing inflammation-associated obesity and metabolic diseases. However, in view of the controversy surrounding the therapeutic effect of neutralizing TNF-α antibody on insulin resistance in obese and type 2 diabetic subjects ([@B48]--[@B50]), the efficacy of blocking 4-1BB in human metabolic disease needs to be established. Moreover, since 4-1BB--deficient mice display reduced humoral and cell-mediated immunity accompanied by altered myeloid progenitor cell growth ([@B18]), the potential deleterious effects of 4-1BB--related intervention should be carefully considered prior to its therapeutic application. Further studies are needed to establish the therapeutic potential of 4-1BB/4-1BBL blockade in controlling human obesity and metabolic diseases.

In conclusion, our data demonstrate that 4-1BB deficiency reduces HFD-induced adiposity, inflammatory responses, glucose intolerance, and fatty liver disease. Preventing 4-1BB and 4-1BBL cross talk may reduce obesity-induced inflammation and metabolic disorders, such as insulin resistance and fatty liver disease. Both 4-1BB and 4-1BBL may be useful therapeutic targets against obesity-induced inflammation and metabolic disorders.

This article contains Supplementary Data online at <http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db10-1805/-/DC1>.
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